Abstract: Plant growth largely depends on microbial community structure and function in the rhizosphere. In turn, microbial communities in the rhizosphere rely on carbohydrates provided by the host plant. This paper presents the first study on ozone effects in the plant-rhizosphere-bulk soil system of 4-year-old beech trees using outdoor lysimeters as a research platform. The lysimeters were filled with homogenized soil from the corresponding horizons of a forest site, thus minimizing field heterogeneity. Four lysimeters were treated with ambient ozone (1 × O 3 ) and four with double ambient ozone concentrations (2 × O 3 ; restricted to 150 ppb). In contrast to senescence, which was almost unaffected by ozone treatment, both the photochemical quantum yield of photosystem II (PSII) and leaf gas exchange were reduced (11 -45%) under the elevated O 3 regime. However, due to large variation between the plants, no statistically significant O 3 effect was found. Even though the amount of primary metabolites, such as sugar and starch, was not influenced by elevated O 3 concentrations, the reduced photosynthetic performance was reflected in leaf biochemistry in the form of a reduction in soluble phenolic metabolites. The rhizosphere microbial community also responded to the O 3 treatment. Both community structure and function were affected, with a tendency towards a lower diversity and a significant reduction in the potential nutrient turnover. In contrast, litter degradation was unaffected by the fumigation, indicating that in situ microbial functionality of the bulk soil did not change.
Introduction
Plants, being sessile organisms, cannot escape from environmental changes, and therefore had to develop traits to adapt their physiology to prevailing site conditions. In this respect, the transition zone between plant root and the surrounding soil, known as the rhizosphere, is of central importance for plant health and performance. The rhizosphere is defined as the volume of soil around living plant roots that directly interferes with root activities, i.e., root growth and respiration, solute uptake, and exudation (Personeni and Loiseau, 2005) . Due to rhizodeposition of exudates, the rhizosphere is a habitat rich in easily degradable organic material, whereas, in bulk soil, carbon sources readily usable for microbial growth are limited. It is therefore not surprising that the rhizosphere is a hotspot for soil microbial activities.
Bacteria, actinomycetes, fungi, protozoa, slime molds, algae, nematodes, as well as small animals compete for water, food, and space and interact in the rhizosphere (Baudoin et al., 2002) . Due to close contact with the root surface, soil organisms dramatically affect plant health (O'Connell et al., 1996) . Beneficial organisms support the plant in mobilizing nutrients from the soil and frequently release plant growth promoting metabolites, e.g., hormones (Tiquia et al., 2002) , while antagonistic bacteria and fungi may also play an important role in defence against plant pathogens (Sylvia and Chellemi, 2001) . Plant pathogens may significantly reduce plant vitality (Fleischmann et al., 2002) .
Repeatedly changing environmental conditions lead to a highly dynamic rhizosphere microbial community (Rees et al., 2005) . During growth, the plant structure is mainly affected by exudates from the plant root (Sandnes et al., 2005) . These exudates contain carbohydrates, organic acids, vitamins, and many other substances essential for microbial life (Gregory and Cawthray, 2003) . Thus, between 5 and 40 % of dry matter of total photosynthetic organic carbon production may be released by plant roots and invested in an appropriate microflora (Zagal et al., 1993) . Another important microbial carbon and nitrogen source for soil microorganisms is plant litter (Sariyil-diz and Anderson, 2005) . Overall, composition as well as quantity of exudates, root development, and litter quality depends on photosynthetic parameters and factors such as water, nutrient balance, abiotic and biotic stressors. Consequently, environmental conditions may affect the functionality of rhizosphere and soil while, conversely, changes in microbial functionality have an impact on plant growth.
It is well known that ozone stress alters the biochemistry and physiology of plant foliage. In forest trees, O 3 impact is indicated by reductions in photosynthesis, visible leaf injury, premature leaf loss, and growth limitation (Sandermann and Matyssek, 2003) . However, it is not clear how these changes affect microbial community structure and function in the rhizosphere and in the lithosphere. We postulate that even small changes in plant biochemistry and physiology due to chronic treatment with ozone, lead to a clear response of bacterial and fungal communities in those soil compartments that are influenced by the plant.
To prove this hypothesis, we performed a study to investigate the effects of low ozone concentrations (double ambient ozone concentrations with an upper limit of 150 ppb) on the plantrhizosphere-bulk soil system of 4-year-old beech trees. Our experiment was performed using a research lysimeter platform. This approach has the advantage that the experiments are performed under natural climate and radiation regimes, as compared to laboratory studies. In contrast to most field trials, lysimeter experiments can be run in replicates, making a statistical analysis possible. Furthermore, lysimeter studies are non-destructive, enabling an overall analysis of nutrient fluxes at the end of the experiment for the whole investigation period. The lysimeters used in this study are 2 m in depth with a surface area of 1 m 2 , thus containing 6 m 3 of soil material. The soil originated from a forest site and single horizons were collected separately, each horizon homogenized to minimize field heterogeneity and filled into the lysimeter containers, retaining the original stratification. Overall, eight lysimeters at the research site were used for this study: four of these lysimeters were treated with ambient air and another four were fumigated with ozone.
Materials and Methods

Experimental design
Lysimeter setup
In March 1999, natural forest soil characterized as a dystric Cambisol derived from Pleistocene Loess above tertiary sediments originating from the Höglwald near Augsburg (Bavaria, Germany) was filled into eight lysimeters, retaining the natural horizons. Each lysimeter consisted of a stainless steel cylinder (V4A) with a surface area of 1 m 2 and a depth of 2 m. Between May and August 1999, the lysimeters were placed into their final position in the GSF lysimeter field, arranged in two parallel rows in an East-West direction.
During the following three years the soil was allowed to settle and stabilize. In November 2002, the Ah horizon was replaced with fresh soil from the original forest site, and four 3-year-old beech seedlings (Fagus sylvatica; 39 -68 cm high) were planted into each of the eight field lysimeters. Further tree seedlings were planted between the lysimeters at the same density as inside the lysimeters. To avoid air exchange between the lysimeter rows and to insure homogeneous fumigation, Plexiglass walls 1.5 m high were installed at the northern and southern border and between the rows (Fig. 1) .
Ozone fumigation
Fumigation started in the middle of June 2003 and was continued throughout the vegetation period. The southern row of four lysimeters was treated with ambient air (control, 1 × O 3 ), the northern row with twice-ambient ozone concentrations (2 × O 3 ), restricted to 150 ppb to avoid acute ozone damage (Fig. 1) . The fumigation air (800 l min -1 ) was released into the lysimeter rows through a tube system consisting of two curtains of nine vertically arranged Teflon tubes (1000 mm length, 6 mm diameter) at each side of the rows. Each tube was furnished with six perforations of 1 mm diameter to disperse the fumigation air. Ozone for fumigation of the treated row was continuously added at 1.7 l min -1 as an appropriate mixture of ozone in oxygen. This mixture was produced from pure oxygen in a corona discharge device using two voltage-controlled O 3 generators (OZ-500, Fischer, Meckenheim, Germany). Oxygen was provided by an automatically switching two-bottle-system. O 3 concentration of the mixture ranged between 0 and 3 %, depending on wind speed and direction as well as ambient O 3 concentration. Reference sampling points for O 3 fumigation control were located in the centre of the eastern-and westernmost lysimeters, 50 cm aboveground; the reference sampling point for ambient O 3 concentration was located outside the lysimeter field. The O 3 concentrations measured at these three reference points ("east", "west", and "ambient") were recorded every 10 s by three autonomous O 3 analyzers. The control voltage of the O 3 generators feeding the fumigation system was calculated using the software LabView (National Instruments, Austin, TX, USA). For monitoring the O 3 concentrations in each lysimeter and at two reference points, O 3 concentrations were measured and averaged over 5 min every 50 min by an O 3 analyser (CSI-3100, Columbia Scientific Industries, Austin, TX, USA). 
Irrigation
The climate at the GSF site is moderately continental, with a summer rainfall maximum. However, climatic conditions in summer 2003 were exceptionally warm and dry ( Table 1) . In order to avoid drought damage to plants and separation of the soil from the lysimeter walls, the lysimeters and the surrounding area were irrigated on seven occasions between June 26 th and August 26 th. Each irrigation event was equivalent to precipitation of 8 mm.
Plant-related determinations
Plant development
Plant development was assessed at each lysimeter in 2003, starting at budbreak and ending with autumnal leaf senescence. Progress in autumnal leaf senescence was based on the visually determined extent of discoloured leaf area and leaf fall. The length of the growing season was defined as the num-ber of days between the time when first, folded leaves were visible and the stage at which 50 % of the leaves showed senescence symptoms.
Chlorophyll fluorescence
Chlorophyll fluorescence was measured once a month in July and August with a pulse-amplitude modulation fluorometer (Mini-PAM, Walz, Effeltrich, Germany) at noon on light-adapted leaves in each lysimeter in 2003 to characterize the PSII activity under conditions of full light exposure.
Leaf gas exchange
Net CO 2 uptake rate (J CO2 ) and stomatal conductance (gH 2 O) of beech leaves from one tree from each lysimeter were assessed in July and August 2003 through porometry (PP Systems, Hitchin, UK) at ambient CO 2 concentration (about 360 μl l -1 ) and saturating light conditions. In addition, maximum net CO 2 uptake rate (J CO2max ) was assessed under saturating CO 2 supply and light conditions.
Sugar and starch contents
Soluble sugars from freeze-dried, ground leaves (two leaves per lysimeter; sampled in July, August, and September 2003) were extracted sequentially with once 1 ml and twice 0.5 ml hot water (85 8C) per 20 mg plant material for 10 min each time. The extraction mixtures were centrifuged in a benchtop centrifuge and supernatants combined for further analysis. Starch was extracted enzymatically from the remaining pellet using heat-stable amylase (1250 U/ml; 30 min at 60 8C) and amyloglucosidase (3 U ml -1 ; overnight at 37 8C) and the released glucose measured as glucose equivalents. Soluble sugars, as well as glucose from starch degradation, was analyzed by HPLC on an Aminex HPX-87C column (BIORAD, Munich, Germany) maintained at 85 8C. Elution of sugars was recorded using a refractive index detector (RI-Monitor 1705, BIORAD, Munich, Germany). Millipore water was used as a solvent at a flow rate of 0.6 ml min -1
. Data acquisition and calculation were performed with the System Gold Nouveau software (Beckman, Krefeld, Germany). Fig. 1 Free Air Ozone Fumigation system at the GSF site, demonstrating the arrangement of the four twice-ambient O 3 fumigated (grey) and the four control lysimeter under ambient O 3 concentration (white). Compressors, tube "curtains" for ozone release, and gas sample points for O 3 measurements are also shown.
Phenolic compounds
Two leaves from each lysimeter (sampled in July, August, and September 2003) were frozen in liquid nitrogen and stored at -80 8C prior to further analysis. Extraction and quantification of phenolic metabolites was adapted from Turunen et al. (1999) using reverse-phase high performance liquid chromatography (RP-HPLC) on a Spherisorb ODS II column (Type NC, 4.6 × 250 mm, 5 μm, furnished with a pre-column, Bischoff, Leonberg, Germany) on a Beckman HPLC System Gold (Beckman-Coulter, Krefeld, Germany). For details see also Bahnweg et al., 2005 .
Nutritional analysis
Two leaves were collected from each lysimeter in early August 2003, dried to constant weight and ground in a mortar and pestle. Total N was measured using an elemental analyzer (Leco, Mönchengladbach, Germany), the other elements were determined after digestion with HNO 3 using ICP-OES (Perkin Elmer, Rodgau, Germany).
Soil-related determinations
Soil enzymes
Three soil samples were taken with a cork borer of 1 cm diameter to a total depth of 5 cm from different positions in each lysimeter, very close to a tree and samples were combined to obtain one mixed sample per lysimeter in April and September 2003. The samples were sieved (< 2 mm), kept at field moisture and assayed within two weeks of sampling. Dry weight was determined after drying at 110 8C for 24 h. Potential enzyme activities were determined as described by Pritsch et al., 2005 . The following 4-methylumbelliferyl (MU) derivatives were used as enzyme substrates: MU phosphate (MU-P) for acid phosphatase (EC 3.1.3.2); MU β-D-glucopyranoside (MU-G) for β-glucosidase (EC 3.2.1.21); MU β-D -N-acetylglucosaminide (MU-NAG) for chitinase (EC 3.2.1.14). Enzyme activities were calculated from calibration curves and expressed as MU release in nmol g -1 h -1
.
Microbial community analysis
The same sampling procedure as described above was used for collecting the soil for extraction of nucleic acids, with the exception that the mixed soil samples were frozen at -80 8C immediately after sampling. Portions of 500 mg of soil were used for RNA extraction. Co-extraction of DNA and RNA was achieved following the protocol described by Aneja et al. (2004) . Pure RNA was obtained after removing DNA by treating the crude nucleic acids with DNase (1 U μl -1 , Promega GmbH, Mannheim, Germany) according to the manufacturer's instructions (37 8C, 1 h). RNA was reverse transcribed using the Omniscript RT Kit (Qiagen GmbH, Hilden, Germany). Two μl of total RNA were added to an 18-μl RT mixture containing 20 pmol of random hexamers. The reaction was incubated at 37 8C for 90 min. The enzyme was inactivated by heating at 93 8C for 5 min followed by rapid cooling on ice. Fingerprinting of total RNA was performed using the RAP-PCR protocol described by Aneja et al. (2004) and run on 6 % non-denaturing polyacrylamide gels (ratio of acrylamide to bisacrylamide, 29 : 1, v/v). The gels were run at 50 V for 17 h in 1 × TBE using the D-Gene system (Bio-Rad Laboratories, Munich, Germany) and silver stained using the protocol described by Heukeshoven and Dernick (1986) . Dried gels were scanned using HP Scanjet 7400c. 
Statistical analysis
Statistical analysis was performed as comparison of means with Student's t-test using SPSS 12.0 for Windows (SPSS Inc., Chicago, USA). Phenological development was tested using the general linear model (GLM, repeated measurements).
Results
Measurement of plant response to ozone fumigation
Leaf phenology was not influenced by the two different O 3 treatments given to the beech trees. Fig. 3 shows leaf senescence in 2003. Leaf senescence started at the end of September. At the beginning of November, no green leaves could be detected. The overall length of the growing season under 1 × O 3 and 2 × O 3 was 163 ± 6 and 159 ± 6 days, respectively. Similar to leaf phenology, which was unaffected by ozone treatment, leaf physiology showed no significant response to ozone fumigation. Leaves from trees treated with 2 × O 3 only tended to reduce the photochemical quantum yield of PSII by 11 % and 7 % in July (p = 0.141) and August (p = 0.076), respectively (Table 2) . Also, leaf gas exchange was reduced in leaves from 2 × O 3 treated trees. Mean values of J CO2 were apparently lowered (by 45 %) in leaves of 2 × O 3 treated trees, however differences were not significant. The data on leaf gas exchange are summarized in Table 3 .
Major soluble phenolic components also responded to O 3 treatment (Fig. 4) . Acylated and non-acylated flavonol glycosides, as well as hydroxycinnamic acid derivatives, were analyzed. Their concentrations were higher in leaves of 2 × O 3 trees throughout the entire vegetation period between May and October. However, the differences were not significant. Soluble sugars and starch were not affected, therefore only the data for August are shown in Table 4 .
Data for nutrients, also measured in August, are given in Table 5 . With the exception of potassium, which was clearly in the suboptimal range in the fumigated trees and was at the lower limit in the control trees, nutrients were in the range of sufficiency or even in excess. Interestingly, significantly higher levels for Ca and Mg were observed in leaves from the fumigated compared to the control trees.
Measurement of rhizosphere and bulk soil response to ozone fumigation
To describe microbial community structure in the rhizosphere of the beech trees, total RNA profiles were generated in April and October for trees in 1 × O 3 and 2 × O 3 regimes. Using a 10-mer primer, the RAP-PCR products obtained were resolved by PAGE. In all cases, 20 -30 bands with sizes between 250 and 1500 bp were detected (Fig. 5) . The reproducibility of the fingerprints obtained from multiple nucleic acid extractions from a single sample was very high (similarity values greater than 98 % between replicates; data not shown). Similarity values between true replicates (trees from different replicate lysimeters) were also high (similarity values greater than 95 %; data not shown). A succession of microbial communities during the vegetation period between April and October was evident. When comparing the microbial community structure between rhizosphere samples of trees in the 1 × O 3 and 2 × O 3 regimes in April, no differences were apparent. However, differences in the fingerprints became evident in samples taken in October 2003. Samples from control trees showed a higher number of bands, indicating a higher diversity of microflora in the rhizosphere as compared to the 2 × O 3 exposed trees. To investigate if the changes in microbial community structure influenced microbial functionality, potential enzyme activities were measured (Fig. 6) . In April 2003, before ozone fumigation had started, phosphatase activity was similar in both rows, but β-glucosidase activity was significantly higher (p < 0.004) in the rows designated for ozone treatment (Fig. 6 ). This reflected a potentially high heterogeneity of the forest soil used. In September 2003, higher activities for all enzymes were measured in samples from the 1 × O 3 compared with the 2 × O 3 treatment. However, the decrease in the 2 × O 3 samples compared with the controls was significant only for phosphatase.
The measured litter degradation rates followed an asymptotic model, with high degradation rates at the beginning (up to 25 % of the initial litter was degraded in the first two weeks) and very slow degradation rates after 30 weeks (Fig. 7) . This course of litter degradation did not depend on the O 3 exposure, indicating that microbial functionality for litter degradation of the bulk soil was not affected by fumigation.
Discussion
The aim of this study was to test whether chronic exposure to ozone under field conditions leads to a shift in the physiology of 4-year-old beech plants, which affects bacterial and fungal communities in soil compartments influenced by the plant. To verify this hypothesis, plant leaves as well as microbial community structure and function in different soil compartments were analyzed from an outdoor lysimeter experiment, which was performed with four true replicates (four lysimeters treated with double ambient ozone concentrations with an upper limit of 150 ppb; and four control lysimeters treated with ambient ozone).
Most studies so far have concentrated on the effects of O 3 on the aboveground parts of plants. Bortier et al. (2000) , for example, investigated the effects of O 3 exposure on poplar and beech seedlings in open top chambers. Although poplar showed a more significant response to O 3 treatment (40 ppb increase compared to ambient O 3 concentrations), beech seedlings also reacted to the stressor, with growth reduction, changes in photosynthetic rate and accelerated leaf abscission. The relative robustness of older beech trees to O 3 was shown in a study by Dixon et al (1998) , who examined reactions to increased O 3 of 9-year-old beech and Norway spruce.
Similar to their findings, we observed slightly reduced photochemical quantum yield of PSII as well as leaf gas exchange (11 -17 %) under elevated O 3 concentration. However, leaf senescence was almost unaffected. Even though the amount of primary metabolites such as sugar and starch was not influenced by elevated O 3 concentrations, a lower photosynthetic performance was reflected in leaf biochemistry by a clearly reduced fraction of soluble phenolic metabolites. Braun et al. (2004) investigated the carbohydrate concentrations in different plant parts of 1-year-old beech and spruce plants along a gradient of O 3 pollution. They showed that starch concentrations decreased after two seasons in most plant parts, but decreased most in thinner and thicker roots under elevated O 3 concentrations. Due to the non-destructive setup of the experiment in the lysimeters, an analysis of the root system and the corresponding exudates was not yet possible in this study.
In another study, McCrady and Andersen (2000) measured the effect of O 3 on belowground carbon allocation in wheat using 14 CO 2 pulses. As an effect of the O 3 , root biomass was reduced but 14 C concentration in the rhizosphere was increased, which could be related to an increased root exudation from the plants. The authors concluded that rhizosphere microbial activity may be initially stimulated by plant exposure to O 3 . Taking this into account, it is not surprising that Cairney et al. (1999) found a clear impact of O 3 on mycorrhizal fungal communities, as these are closely associated with the root. In contrast, Olszyk et al. (2001) investigated effects of O 3 on ponderosa pine plants, litter quality, and soil in an outdoor microcosm study for two years. They showed that, due to slightly reduced chlorophyll fluorescence and lower mean values of J CO2 , J CO2max , and gH 2 O, the microbial community structure was changed, with reduced CFU for bacteria and fungi.
Our results also indicate that ozone fumigation has an impact not only on the plant itself, but also on the rhizosphere microflora and its functionality. Both community structure and function were affected, with a clear reduction in the diversity and the potential for nutrient turnover. Besides these differences in the structural microbial community, fingerprinting patterns of the rhizosphere microflora of ozone fumigated and non-fumigated beech trees at the end of the vegetation period, showed a decrease in activity of the soil enzyme "phosphatase" in the rhizosphere soil samples of the ozone treated trees in September. Reddy et al. (1995) also found effects on soil enzyme activities, i.e., phosphatase and arylsulfatase, at higher ozone concentrations and attributed this to the reduced root biomass as a consequence of ozone treatments. The observed change in phosphatase activity is also consistent with findings of other authors, that phosphatase activity of bacteria is inducible by stressors (Nautiyal et al., 2000) . In contrast, the bulk soil microflora was unaffected with regard to the kinetics of litter degradation, which was comparable in the soil with fumigated trees and the control soil with beech trees under an ambient O 3 regime.
As only rhizosphere microbes are affected, while bulk soil functionality (litter degradation) does not respond to ozone fumigation, our results indicate that ozone has no direct influ- ence on the structure and function of the soil community of beech, but has an indirect influence via changes in root exudation and rhizodeposition. Although microbes are highly sensitive to O 3 (Lehtola et al., 2001) , O 3 does not penetrate into the soil (Andersen, 2003) and therefore is unlikely to cause direct ozone effects on soil microorganisms. Similarly, Manning and Tiedemann (1995) postulated, in their review, that O 3 does not have a direct effect on soil microbes. However, they were mainly interested in plant pathogens and did not review effects on the whole microbial community structure. There is only one published study, by Loranger et al. (2004) , that showed direct effects of enhanced O 3 concentrations on selected groups of the soil fauna in a temperate forest soil. In contrast to our study, the experiment was run for four years and only Collembola and Acari were investigated.
Our results clearly show that even a short exposure over one vegetation period with relatively low ozone concentrations under outdoor field conditions can influence the plant-rhizosphere-soil system. All three components (plant, rhizosphere, and soil) are very closely connected and interact with each other in a way that changes in one compartment caused by a stressor necessarily induce changes in the other two compartments. It will be interesting to follow these effects over several years and to investigate if the microbial soil and rhizosphere community can adapt to the changed environment. This may be the key to a more detailed understanding of the role of O 3 on the plant-rhizosphere-bulk soil system in the future and provide one step towards predicting long-term O 3 effects on stand development. 
Fig. 7
Litter degradation rates (%) of beech litter from ozone exposed trees and control trees over two, eight, and 30 weeks in the corresponding soils (n = 5, mean ± SD).
